Recently, regulatory dendritic cells (DCregs), a newly described dendritic cell subset with potent immunomodulatory function, have attracted increased attention for their utility in treating immune response-related diseases, such as graft-versus-host disease, hypersensitivity, and autoimmune diseases. Danchaiheji (DCHJ) is a traditional Chinese formula that has been used for many years in the clinic. However, whether DCHJ can program dendritic cells towards a regulatory phenotype and the underlying mechanism behind this process remain unknown. Herein, we investigate the effects of traditional Chinese DCHJ on DCregs differentiation and a mouse model of skin transplantation. The current study demonstrates that DCHJ can induce dendritic cells to differentiate into DCregs, which are represented by high CD11b and low CD86 and HLA-DR expression as well as the secretion of IL-10 and TGF-. In addition, DCHJ inhibited DC migration and T cell proliferation, which correlated with increased IDO expression. Furthermore, DCHJ significantly prolonged skin graft survival time in a mouse model of skin transplantation without any liver or kidney toxicity. The traditional Chinese formula DCHJ has the potential to be a potent immunosuppressive agent with high efficiency and nontoxicity.
Introduction
Immune rejection is a well-known and inevitable issue in many immune response-related diseases, such as graft-versus-host disease, hypersensitivity, and autoimmune diseases. At present, conventional immunosuppressive (IS) drugs are commonly used to treat immune rejection, but they will incur many serious risks, including infection, malignancy, and drug toxicity [1] [2] [3] . Therefore, several researchers have focused on inducing immune tolerance in patients to address these intricate problems.
As the most potent professional antigen-presenting cells, dendritic cells (DCs) play a pivotal role in innate and adaptive immunity [4] [5] [6] . They also function as a critical switch between immunity and tolerance depending on their activation and maturation states [7, 8] . The relationship between immunity and tolerance must be well balanced because any alterations in either will disrupt immune homeostasis and ultimately result in immune response-related diseases [9] . DC development consists of two functional stages, namely, immature DCs (imDCs) and mature DCs (mDCs). ImDCs accumulate primarily in the peripheral tissues. Their main function is to capture antigen and then migrate to secondary lymphoid organs to present that antigen [10] . When exposed to inflammatory agents such as lipopolysaccharide (LPS), DCs undergo a maturation-induced process that reduces antigen uptake and migration [11, 12] . Instead, mDCs exhibiting high expression of major histocompatibility complex-(MHC-) II and costimulatory molecules can activate naive T cells and stimulate T cell proliferation as a result of a strong adaptive immune response [13, 14] . Recently, regulatory dendritic cells (DCregs), a new subset of DCs, have attracted more attention [15] . DCreg characteristics include high expression of cluster of differentiation (CD)11b and low expression of MHC-II and costimulatory molecules with high production of interleukin-(IL-) 10, transforming growth 2 Evidence-Based Complementary and Alternative Medicine factor-(TGF-) , and indoleamine 2,3-dioxygenase (IDO) [16] . In addition, DCregs do not support T cell activation and proliferation but instead induce T cell anergy and facilitate T cell apoptosis or regulatory T cells (Tregs) expansion [16, 17] . Multiple studies have reported that DCregs are considered a promising cellular therapeutic agent that could induce immune tolerance to treat immune response-related diseases, such as organ graft rejection, type-1 diabetes, and rheumatoid arthritis [18] [19] [20] .
DCregs can be generated via multiple pathways, including immunosuppressive mediators such as conventional IS drug [21, 22] and anti-inflammatory cytokines [23] ; tissue microenvironment factors such as stromal, epithelial, and tumor cells [24] [25] [26] ; and genetic manipulation of key molecules [27] . However, the method most suitable for generating DCregs for clinical application has not yet been defined [28] . Therefore, a method to induce the production of DCregs safely and efficiently is needed.
Danchaiheji (DCHJ), a traditional Chinese formula, is composed of Radix bupleuri, Cortex moutan, Radix paeoniae alba, Radix curcumae, and Radix glycyrrhizae. DCHJ has been clinically applied to control immune response-related diseases in China for many years, including graft-versus-host disease, hypersensitivity, and autoimmune diseases. However, whether DCHJ can program DCs towards a regulatory fate and the underlying mechanism behind this process remain unknown. Herein, our study investigates the effects of the traditional Chinese formula DCHJ on the differentiation of regulatory dendritic cells and in a mouse model of skin transplantation.
Materials and Methods

Preparation of DCHJ Water Extracts and DCHJ-Containing Serum.
We obtained the traditional Chinese medicines Radix bupleuri (6 g), Cortex moutan (6 g), Radix paeoniae alba (6 g), Radix curcumae (6 g), and Radix glycyrrhizae (6 g) from crude drugs. All herbs were purchased from Tianjin University of Traditional Chinese Medicine. The drugs were ground, mixed, and extracted in 10 volumes of boiling water for 1 h after soaking in distilled water for 30 min. The aqueous extracts were mixed, filtered, and centrifuged at 3500 r/min for 15 min. Lastly, a freeze-dried powder (3.44 g) was generated using rotary evaporation and freeze-drying. The DCHJ yield was 11.5% (w/w). Furthermore, DCHJcontaining serum was produced by manipulating serum pharmacology. In brief, the DCHJ freeze-dried powder was diluted with phosphate-buffered saline (PBS) and then administered to rats via intragastric delivery on 3 consecutive days (6 g/kg). Control rats received an equal volume of PBS that was also administered by intragastric delivery. After the last administration, the rats that had received DCHJ were euthanized by abdominal aorta exsanguination, and the serum was collected under sterile conditions. The rat serum containing DCHJ (DCHJ drug serum) was filtered using 0.22 m Millipore filters (Millipore, Billerica, MA, USA) after inactivation at 56 ∘ C for 30 min. Control serum was produced using the same protocol. 
Quantitative Real-Time PCR (RT-PCR).
Total RNA was extracted from 2 × 10 6 DCs that had been treated with 20% DCHJ for 48 h using Trizol reagent (Invitrogen Life Technologies, Carlsbad, CA, USA). Two micrograms of total RNA was transcribed into cDNA using the M-MLV reverse transcriptase kit (Invitrogen Life Technologies, Carlsbad, CA, USA). Quantitative RT-PCR was completed using the fluorophore SYBR Green (Invitrogen Life Technologies, Carlsbad, CA, USA), which binds to double-stranded DNA. The relative expression level of IDO was determined by RT-PCR using the following steps: 40 cycles of denaturation at 95 ∘ C for 10 s and annealing and extension at 60 ∘ C for 30 s. The relative expression of IDO mRNA was determined and normalized to the expression of the internal housekeeping gene GAPDH. The primers used in this study were as follows: IDO: forward 5 -GCCCTTCAAGTGTTTCACCAA-3 and reverse 5 -CCTTTCCAGCCAGA CAAATATATG-3 and GADPH: forward 5 -TGCACCACCAACTGCTTAGC-3 and reverse 5 -GGCATGGACTGTGGTCATGAG-3 .
Western Blot Analysis. After imDCs (3 × 10
6 /mL) cultured with or without LPS were stimulated with 20% DCHJ for 48 h, cells were washed twice with PBS and lysed with lysis buffer (Solarbio, Beijing, China). Proteins in the cell lysates were separated by 10% sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto polyvinylidene fluoride membranes (Solarbio, Beijing, China). The membranes were then blocked with 5% nonfat milk in Tris-Tween-20 (TBST) for 2.5 h at room temperature and incubated with anti-IDO (1 : 1000 dilution, Cell Signaling Technology, Beverly, MA, USA) and anti--actin (1 : 100000 dilution, Cell Signaling Technology, Beverly, MA, USA) antibodies at 4 ∘ C overnight. After three washes, membranes were then incubated with an HRP-conjugated secondary antibody (1 : 2500 dilution) for 2 h at room temperature. The immunoreactive protein bands were visualized using an enhanced chemiluminescence detection kit (Millipore, Billerica, MA, USA).
Skin
Transplantation. BALB/c mice were given a gavage of DCHJ (18 g/kg) 3 days before skin transplantation and every day thereafter until 14 days after transplantation. The control groups received an equal volume of PBS on the same schedule. The animals were randomly divided into 3 groups with 12 mice in each group: (1) allogenic control group: BALB/c → BALB/c (PBS, i.g.); (2) heterogenic control group: C57BL/6 → BALB/c (PBS, i.g.); and (3) heterogenic experimental group: C57BL/6 → BALB/c (DCHJ, i.g.). BALB/c mice served as recipients in each group. At day 0, full-thickness skin allograft transplantation was performed as described by Mayumi et al. [29] . Briefly, a piece of fullthickness skin graft (approximately 1 × 1 cm 2 ) from donor mice was transplanted onto the backs of recipient mice and then sutured and fixed with a sterile bandage. The skin graft was monitored daily for evidence of rejection, and the mean survival time (MST) of the graft was recorded. Rejection was defined as more than 80% necrosis of the graft and confirmed by histopathological analysis. The mice were housed individually in cages. At day 7 after surgery, 3 mice in each group were randomly selected for histological analysis after skin graft collection. Other mice were continued as before until day 21 after transplantation at which point liver and kidney tissues of recipients were collected for histological analysis, and serum samples were obtained from the same mice to determine hepatic and renal function. After 10% formaldehyde fixation and paraffin embedding, tissues were observed by optical microscopy after hematoxylin-eosin (HE) staining. Hepatic and renal function indexes included ALT, AST, TBIL, BUN, Cr, and UA measurements.
Statistical Analysis.
The data in our study were analyzed by one-way analysis of variance (ANOVA) using SigmaPlot software (SPSS 16.0, Chicago, IL, USA). Data are expressed as the mean ± SD. The MST of skin graft was performed using Kaplan-Meier tests. The statistical significance was defined as ≤ 0.05 ( # < 0.05, compared to the control group without LPS stimulation; * < 0.05; * * < 0.01; * * * < 0.001, compared to the control group with LPS stimulation). The results are representative of three independent experiments.
Results
Effects of DCHJ on DC Phenotype.
To investigate whether DCHJ could program DCs towards a regulatory phenotype, imDCs were treated with 10% or 20% DCHJ for 48 h in the absence or presence of LPS (100 ng/mL). We used flow cytometry to determine the effect of DCHJ on DC phenotype. CD86 and CD11b expression levels were measured by the positive cell percentage for each molecule, and HLA-DR expression was measured by mean fluorescence intensity (MFI). It is indicated that, after the treatment with DCHJ, with or without LPS stimulation, DCs express higher levels of CD11b while they express lower levels of CD86 and HLA-DR than those of control group (Figures 1(a) and 1(b) ). 
DCHJ Treatment
DCHJ Treatment Inhibited DC-Mediated Antigen-Specific CD4
+ T Cell Proliferation. After 5 days of imDCs/T cell coculture in the absence or presence of LPS, the number of CD4 + 7-AAD − T cells was calculated to determine the extent of CD4 + T cell proliferation. As shown in Figure 3 , LPS enhanced the DC-mediated antigen-specific CD4 + T cell proliferation. However, when DCHJ was administered at 10% or 20% for 48 h, the number of CD4 + 7-AAD − T cells was strongly reduced in a dose-dependent manner (10% volume:
1293.5 ± 33.5 versus 1752.5 ± 39.5, < 0.001; 20% volume: 1024.0 ± 83.0 versus 1641.0 ± 138.0, < 0.001) (Figure 3) , demonstrating that DCHJ can potently suppress CD4 + T cell proliferation.
Effect of DCHJ on DC Cytokine
Secretion. When the drug dose was increased, the inhibitory effect of DCHJ on DC immunological function was enhanced as described above. Therefore, we determined 20% DCHJ to be the optimal dose for the remaining experiments. DCregs have been reported to secrete significant amounts of regulatory cytokines, including IL-10 and TGF- [16, 30] . In light of that, we detected the DHCJ-induced cytokine secretion in DC supernatants by ELISA. As shown in Figure 4 with those in the respective control group (without LPS: 127.2 ± 4.6 versus 108.5 ± 5.2, < 0.01; with LPS: 209.3 ± 8.5 versus 168.5 ± 4.9, < 0.001). Furthermore, it is notable that TGF-secretion was remarkably increased in the group of imDCs simultaneously treated with LPS and 20% DCHJ (1935 ± 375 pg/mL; Figure 4(b) ). In conclusion, the secretion levels of IL-10 and TGF-from DCs were significantly upregulated after being treated with DCHJ.
Effects of DCHJ on DC Apoptosis.
To exclude the possibility that the inhibition of DC immunological function mediated by DCHJ is due simply to a reduction in DC numbers via cell apoptosis, we examined the DC cytotoxicity of DCHJ. After treatment with 10% DCHJ for 48 h, there was no significant difference between the DHCJ-treated group and the control with regard to total DC apoptosis in the groups either with or without LPS stimulation (without LPS: )). Based on the results mentioned above, we determined that DCHJ did not induce DC apoptosis.
Mechanism of DCregs Induction by DCHJ.
IDO reportedly plays a significant role in DCreg-induced immune tolerance by inhibiting T cell proliferation [31] . Hence, to examine whether the production of DCregs mediated by DCHJ is associated with IDO, we detected IDO expression at both the mRNA and protein levels. As shown in Figure 6 (a), when exposed to both LPS and 20% DCHJ for 48 h, the expression of IDO was markedly upregulated compared with that in the control group (4.33 ± 0.18 versus 1.04 ± 0.06, < 0.001). A crucial finding was also confirmed by RT-PCR in Figure 6 (b). These results indicate that the high IDO expression is one of the crucial factors that induce the generation of DCHJ-mediated DCregs.
DCHJ Treatment Prolongs Skin Graft Survival Time.
A mouse model of skin graft transplantation was used to explore whether DCHJ treatment could improve immune rejection. Prior to day 3 of skin transplantation, recipient mice were given DCHJ via intragastric administration. As shown in Figure 7 (a), the donor skin in the heterogenic experimental group was rejected with an MST of 17.9 ± 2.1 days, which is significantly different from the survival observed in the heterogenic control group (MST = 7.5 ± 1.2 days, < 0.001). These results suggested that DCHJ is capable of inducing donor-specific tolerance and prolonging the survival time of graft during transplantation. Furthermore, histological analysis of skin grafts in the heterogenic experimental group exhibited normal tissue structures with less lymphocyte infiltration than that in the heterogenic control group and no necrosis (Figure 7(b) ). In conclusion, the treatment of DCHJ could significantly prolong the skin graft survival time and alleviate the rejection of skin graft effectively.
Effects of DCHJ Treatment on Hepatic and Renal Function of Mice in Skin Graft
Model. To detect whether DCHJ has a toxic effect on recipients, mice in each group were sacrificed to extract their serum and collect liver and kidney tissues. Table 1 shows the indexes (ALT, AST, TBIL, BUN, Cr, and UA) of hepatic and renal function in recipient mice treated with DCHJ or PBS, and no significant differences were found between groups ( > 0.05). As shown in Figure 8 , the hepatocytes in the heterogenic experimental group exhibited no necrosis, edema, or inflammatory cell infiltration around the veins and the liver portal area. Moreover, the kidneys in the heterogenic experimental group displayed normal tissue structures with no inflammatory cells infiltration in the glomerulus, renal tubule, or renal interstitium. Differences among these groups were not significant. In conclusion, these results suggest that DCHJ is a potent immunosuppressive drug with no toxicity.
Discussion
The traditional Chinese formula DCHJ has been clinically applied to treat immune response-related diseases in China, including graft-versus-host disease, allergic reaction, and autoimmune diseases, after repeated verification in clinic for several years. However, whether DCHJ can program DCs towards a regulatory phenotype to induce immune tolerance and the underlying mechanism behind this process are yet to be determined. Herein, the objective of our study is to investigate the effect of DCHJ on the differentiation of human DCs. We used serum containing DCHJ rather than DCHJ aqueous extract to substitute for DCHJ itself because of the residual pigment derived from aqueous extract, which could lead to an error or a false positive. To avoid this color interference with the experimental results, the same volume of blank serum was used in a control group. Moreover, the dosage of drug serum in vitro is usually less than 20% of the total volume in case of the drug toxicity.
In an attempt to modulate DC immunological functions during the treatment of graft-versus-host disease, allergic reaction, and autoimmune diseases, many researchers aim to develop DCregs [9] . Excitingly, phase I clinical trials of DCregs were successively conducted in patients with type 1 diabetes, rheumatoid arthritis, and refractory Crohn's disease, demonstrating the feasibility and safety of the infusion with autologous DCregs [19, 32, 33] . DCregs exhibit downregulated expression of MHC-II and costimulatory molecules (CD40, CD86, and CD80) and upregulated expression of anti-inflammatory cytokines (TGF-, IL-10) and inhibitory signal molecules (IDO, programmed cell death 1 ligand) and are resistant to the maturation-inducing capacity of DCs [16] . It is therefore necessary to investigate how DCs can be programmed towards DCregs induced by DCHJ given the points described above. In vitro, we detected the phenotypic characteristics, cytokine secretion, and altered immunological functions of DCs after treatment with DCHJ. The phenotype of DCs treated with DCHJ showed that they expressed higher levels of CD11b and much lower levels of CD86 and HLA-DR with or without LPS stimulation. Molecular biology studies confirmed that the expression levels of IL-10, TGF-, and IDO were significantly upregulated when DCs were pretreated with DCHJ and LPS. As is already known, the DCs activation status determines the outcome of the immunological functions, namely, immune activation or immune tolerance. In our study, DCs with different activated statuses, including imDCs as well as imDCs stimulated with LPS, were All data are expressed as the mean ± SD. The statistical significance was defined as ≤ 0.05.
investigated. ImDCs primarily accumulate in the peripheral tissues. Their main function is to capture antigen and then migrate to secondary lymphoid organs to present that antigen [10] . In our study, the transwell assay indicated that DCHJ treatment could reduce the migration of DCs in the imDC group, contributing to a decreased capacity of these cells to migrate to secondary lymphoid organs. Moreover, an MLR assay showed that antigen-specific CD4 + T cell proliferation was markedly inhibited in the group of imDCs simultaneously treated with LPS and DCHJ. And it is worth mentioning that, before being cultured with lymphocytes, DCHJ has been washed completely to avoid the direct effect of DCHJ on T cells. Therefore, the inhibitory effect of DCHJ on antigenspecific CD4 + T cell proliferation is indeed mediated by DCregs. In vivo, to investigate whether D CHJ could improve immune tolerance in transplantation, a mouse model of skin graft was used. Skin is reportedly the most immunogenic tissue on account of the specificity of the distribution of DCs and lymphocytes; thus, it is easier to induce immune rejection in the skin than in any other tissues or organs [34] . In our study, DCHJ treatment significantly prolonged the skin graft survival time in a mouse model of skin transplantation. In addition, the histological analysis of skin grafts showed that the heterogenic experimental group, pretreated with DCHJ, exhibited normal tissue structures with less lymphocyte infiltration than that in the heterogenic control group and no necrosis. Based on the results mentioned above, there is reason to believe that DCHJ could induce human monocyte-derived DCs to differentiate into DCregs with high efficiency, thereby exerting potent immunomodulatory effects on immune response-related diseases.
The ideal goal of a transplantation is to induce immune tolerance against the organ or tissue graft without any impairments to the grafts or patients themselves [9] . However, long-term survival is usually dependent on treatment with conventional IS drugs, which still carry a series of extensive and vital side effects, such as malignancy, drug toxicity, and high susceptibility to infectious diseases [35, 36] . In this sense, allowing the development of therapeutic strategies related to tolerance induction with milder side effects is urgently needed. The cell apoptosis assay in our research revealed that DCHJ did not induce apoptosis of DCs, which not only testified to the nontoxicity of DCHJ when exposed to cells, but indicated that the inhibitory effect of DCHJ on DC immune function indeed results from the differentiation induced by DCHJ rather than cell apoptosis. In addition, both the histopathological analysis and indexes of hepatic and renal function suggested that there was no side effect on the liver and kidney tissues of mice treated with DCHJ, thereby demonstrating that the traditional Chinese formula DCHJ has the potential to be a new IS drug with nontoxicity for the control of immune response-related diseases.
As the dosage of drug increased from 10% and 20%, the inhibitory effect of DCHJ on DC immunological functions was enhanced. Therefore, we regarded 20% DCHJ to be the optimal drug dose to explore the underlying mechanism by which DCHJ could induce the generation of DCregs. TGF-, a well-established anti-inflammatory cytokine, has played an important role in the induction and maintenance of peripheral tolerance through the regulation of lymphocyte proliferation and differentiation [37, 38] . Surprisingly, in our research, the secretion level of TGF-was remarkably increased when DCs were treated with both LPS and 20% DCHJ. Additionally, IDO catalyzes the degradation of the essential amino acid tryptophan and confers a regulatory phenotype to DCs in response to the anti-inflammatory cytokine TGF- [39] . In light of that, we investigated the expression of IDO at both the mRNA and protein levels. Excitingly, when exposed to both LPS and 20% DCHJ, the expression level of IDO was significantly upregulated compared with that in the control. This is consistent with Yu's reports that the overexpression of IDO elicited a regulatory effect against graft-versus-host disease via inhibiting activation and proliferation of alloreactive T cells [40] . Furthermore, IDO has been demonstrated to be involved in the induction of peripheral immune tolerance contributing to the improvement of immune response-related diseases, including allergic diseases, allograft rejection, and arthritis [41] [42] [43] . Therefore, the immunomodulatory functions of DCHJ, particularly its ability to decrease T cells proliferation, are triggered in a TGF-mainstream environment, which activates a series of downstream signaling effectors of IDO Figure 7 : Effects of DCHJ on a mouse model of skin transplantation. BALB/c mice were given a gavage of DCHJ 3 days prior to skin transplantation. At day 0, full-thickness skin allograft transplantation was performed as described in Section 2. (a) The MST of skin grafts was recorded using Kaplan-Meier tests ( = 8 mice per group). * * < 0.01; * * * < 0.001. (b) Histological analysis of skin grafts revealed normal tissue structures with less lymphocyte infiltration and no necrosis in the heterogenic experimental group compared to that in the heterogenic control group (×100, ×400).
and leads to tolerance induction [39] . This in turn results in a further increase in TGF-release and sustains a state of immunotolerogenic homeostasis. However, the exact mechanism by which DCHJ exerts its immunomodulatory effects on immune response-related diseases still requires further exploration.
Conclusions
In conclusion, DCHJ can induce human DCs to differentiate into DCregs, which are characterized by high CD11b and low CD86 and HLA-DR expression levels, markedly increased secretion of anti-inflammatory cytokine IL-10 and TGF-, and inhibition of DC migration and T cells proliferation, which correlates with the upregulation of IDO expression. Moreover, DCHJ can prominently prolong skin graft survival time of skin graft in a mouse model of skin transplantation without any liver or kidney toxicity. The traditional Chinese formula DCHJ provides a new insight into IS drugs for the control of immune response-related diseases with high efficiency and nontoxicity.
Allogenic control group
Heterogenic control group Heterogenic experimental group Liver (×100) Kidney (×400) Figure 8 : Effects of DCHJ on hepatic and renal function of mice in skin graft model. BALB/c mice were given a gavage of DCHJ 3 days prior to skin transplantation. At day 0, full-thickness skin allograft transplantation was performed as described in Section 2. At day 21 after surgery, liver and kidney tissues of recipients in each group were collected for histological analysis (×100, ×400). Differences among these groups were not significant.
